Abstract. The cross-linking systems of bovine and human fibrins were studied by the introduction of a radioactive substitute donor as an inhibitor of fibrin cross-linking, separation of the constituent polypeptide chains after sulfitolysis, and tryptic digestion of the labeled y-chains. The information gathered from this approach enabled us to isolate and characterize the complete donor-acceptor unit in tryptic digests of fibrin -y-y cross-linked systems. In both bovine and human fibrin, this kind of cross-linking is accomplished by reciprocal bridging between overlapping carboxy-terminal segments of neighboring y-chains. The amino acid sequence of the carboxy-terminal heptadecapeptide of the bovine -ychain was determined and an alignment of the corresponding region of the human y-chain established.
enzymatic introduction of covalent cross-links involving the e-amino group of specific lysine2 3 residues and the -y-carboxyamide group of specific glutamines.4 Cross-linked bovine fibrin contains about 2 moles of the E-amino(y-glutamyl)-lysine crosslink per mole of fibrin monomer (330,000 mol wt). 5, 6 Recently we demonstrated which of the three polypeptide chains were actually involved in the cross-linking process by comparing the ion exchange and gel filtration properties of cross-linked and noncross-linked bovine fibrin.7 Evidence was presented for two different types of cross-linking system, one involving only y-chains (y-,y), and a second in which y-chains were hooked to a-chains (,y-a). f-chains do not participate in the cross-linking process. We also found that, under the conditions we used, only the y-chains of bovine fibrin incorporated the substitute donor glycine ethyl ester (GEE), indicating that the acceptor function was located exclusively on these chains. Confirmation of these results has been achieved on the one hand by Lorand et al.8 who suggest the major crosslinking contributant is the -y-a system and on the other by Takagi and Iwanaga9 who find only the -y-y system.
In this paper we report the isolation, location, and structural characterization of a large tryptic fragment from cross-linked bovine fibrin which contains the entire 'y--y donor-acceptor system. The corresponding unit from human fibrin has also been isolated and studied for comparison purposes. The task was considerably simplified when it was discovered that the donor and acceptor regions are one and the same, neighboring molecules being oriented in an antiparallel fashion such that the donor group of one 'y-chain is linked to the acceptor of the other, and vice versa. The two crossbridges are only five residues apart.
Materials and Methods. The methods used for the preparation of 14C-GEElabeled and cross-linked fibrins, as well as the procedures for isolating 7-chains and e-e cross-linked systems, were fully described in our earlier paper.7 Except for the following, all other materials and methods were also the same as previously described. Proteolytic enzymes used were: TPCK-treated trypsin (Worthington), carboxypeptidase A (Worthington), leucine aminopeptidase (Worthington), Pronase (Calbiochem), and papain (Worthington). Thermolysin was a gift from Dr. H. Matsubara. Digestions with trypsin were performed in 0.1 M ammonium bicarbonate at 37CC, initial incubations being at a weight ratio (trypsin : substrate) of 1:100 for 4 hr. After that time a second addition of trypsin was made, bringing the weight ratio to 1: 50, and the digestion allowed to continue for 16 hr. Thermolysin digestions (0.01 M Tris buffer, pH 8.1, containing 0.3 mM CaCl2) were performed for 30 min at 370C.10 Carboxypeptidase A digestions of 10 and 30 min each were used for establishing carboxy-terminal residues. Total enzymatic digestion of peptides was accomplished by 48 to 72 hr incubations with Pronase, freeze drying, and subsequent 24-hr digestions with leucine aminopeptidase. Reference e-amino(7-glutamyl)lysine was obtained from Cyclo Chemical Corp.; it was used to standardize long columns (0.9 X 56 cm) on a Spinco amino acid analyzer with a pH 3.52 buffer system. Under these conditions this dipeptide elutes between isoleucine and leucine.
Edman degradations were usually performed in the direct identification manner," although in the case of one pentapeptide, a modified subtractive procedure was used.
Peptide nomenclature: The nomenclature of the tryptic peptides studied in this work is complicated by the fact that the same region of the 7-chain is involved as both donor and acceptor. Consequently the same tryptic peptide was encountered in a variety of forms with or without 4C-GEE substitute donor groups, and with zero, one or two e-amino(y-glutamyl)lysine cross-links. The scheme devised is as follows: (a) An asterisk (*) indicates that the original source of the peptide was a 4C-GEE-labeled 7y-chain. The 14C-GEE peptides existed in two forms, noncross-linked (single chain) peptides (e.g., *T-II) and singly cross-linked pairs of peptides (*T-I). The naturally cross-linked material existed in two forms also, singly cross-linked (T-I-X) and doubly cross-linked (T-I-XX). The amino acid sequence data derived from these four kinds of bovine tryptic peptides (and peptide pairs) are briefly described in the following paragraphs. A detailed report comparing the bovine and human y-y donor-acceptor units will be published separately.'2
Results. "4C-GEE-labeled acceptor peptides: Bovine y-chains containing 14C-GEE substitute donor residues were digested with trypsin and gel-filtered on Sephadex G-25 (Fig. la) . Two radioactive peaks were located and pooled separately (pools I and II). After freeze drying, the radioactive materials were purified further by paper electrophoresis at pH 2.0 and, when necessary, at pH 4.1. One batch each was also purified by ion exchange chromatography on Dowex 50-X2. All radioactivity was accounted for during the isolation procedures. Apart from single bands on paper electrophoresis, the major criterion for purity depended on integral values of amino acids upon quantitative analysis after total acid hydrolysis (Table 1 ). *T-II: A single pentadecapeptide (*T-IJ) was isolated from the major (pool II, Fig. la) G-25 peak. Digestion with thermolysin yielded a radioactive decapeptide (*T-II-Th-1) and a nonradioactive pentapeptide (*T-II-Th-2) ( Table 1) . The amino acid sequence of the latter, which contained the single lysine residue found in the tryptic peptide *T-II and was therefore presumed to be carboxyterminal, was deduced by performing three successive Edman degradation cycles in the subtractive manner. The partial amino acid sequence of *T-II was further analyzed by performing five successive Edman degradations on the pentadecapeptide and identifying the phenylthiohydantoin amino acids. In addition, a pentapeptide (*T-II-Th-l-Pap-1) was recovered from a papain digest of *T-II-Th-1, and its amino acid composition was found to correspond to the amino-terminal sequence of *T-II. These results are summarized in Figure 2b . bDoes not include 1 mole of glycine contributed by substitute donor (GEE). Thermolysin digestion of *T-I resulted in the isolation of two fragments (*T-I-Th-1 and *T-I-Th-2) which had amino acid compositions identical with the thermolysin fragments derived from *T-II, although the yields were poorer. Furthermore, a third, non-radioactive peptide (*T-I-Th-3) was isolated which had an electrophoretic mobility at pH 2 intermediate between *T-I-Th-1 and *T-ITh-2. The amino acid composition of *T-I-Th-3 was almost indistinguishable from the original tryptic peptide (*T-I), which is what would be expected for the cross-linked residue remaining after thermolysin digestion (designated by the dotted line in Fig. 2a ). It could not have been undigested *T-I since it was not radioactive.
All of the above observations are in accord with *T-I being a pair of linked acceptor peptides, one of which has a 14C-GEE at its acceptor site, and the other having the natural donor cross-link. The involvement of the lysine donor from one of the peptides in a cross-link accounts for its invulnerability to tryptic attack, and for the presence of the single aspartic acid and valine residues at the carboxy-terminal of that peptide (see below). Donor-acceptor units from y--y cross-linked systems: Once the amino acid composition and partial amino acid sequence of the 14C-GEE-labeled acceptor peptides was established, it was possible to isolate donor-acceptor peptide pairs from tryptic digests of naturally cross-linked (no substitute donor present) PROC. N. A. S. 'y--y chain systems. When bovine cross-linked -y-y chains were digested with trypsin and gel-filtered through the same G-25 columns, the very first peak (Fig.  lb) was comprised of material whose amino acid composition was very similar to the 14C-GEE-labeled acceptor peptides.
Paper electrophoresis (pH 2.0) of the freeze-dried pool exhibited three bands. The slowest moving of these was a carbohydrate-containing peptide which has no involvement in cross-linking. The other two bands were subsequently found to represent doubly (T-I-XX) and singly (T-I-X) cross-linked donoracceptor units, respectively (Fig. 2c and d) . In any given preparation there was usually more T-I-XX than T-I-X. The amino acid composition of T-I-XX had twice as much aspartic acid and valine as T-I-X (Table 1) , since both of its cross-linked lysine residues were invulnerable to trypsin. The amino acid composition of T-I-X was identical with that of *T-I after allowance is made for the single residue of glycine from the 14C-GEE (Table 1) . Furthermore, carboxypeptidase A digestion showed that the valine residues were at the carboxyterminals, a fact consistent with the previously reported observation that valine is the carboxy-terminal amino acid of bovine' and human"4 y-chains. That the ay-y donor-acceptor peptide regions encompass the carboxy-terminals of the two ey-chains accounts for the fact that the peptide segment adjacent to the in-vulnerable cross-linked lysine does not contain carboxy-terminal arginine or lysine.
Because the slow-moving carbohydrate peptide was only a minor component, it was possible to subject the unfractionated material pooled directly from G-25 (Fig. lb) to extensive Edman degradation, since the only differences thought to exist between T-I-XX and T-I-X were associated with one of their two carboxyterminals. Accordingly, ten cycles of the direct Edman degradation scheme were conducted and the phenylthiohydantoin-amino acids identified. At step 10 a small amount of phenylthiohydantoin-glutamine was identified; we infer that this corresponds to the contribution of the T-I-X singly cross-linked material which has one acceptor site unoccupied (Fig. 2d) .
The number of e-amino(y-glutamyl)lysine cross-links in T-I-XX and T-I-X was measured with the amino acid analyzer after extended enzymatic digestion by pronase and leucine aminopeptidase. Although T-I-XX had twice as much of this cross-linking dipeptide as T-I-X, the amounts were always less than theoretical. This was probably due to incomplete hydrolysis and/or poor recoveries. Consistent with our interpretation of the cross-linked structures of T-I-XX and T-I-X are the facts that, whereas both peptide pairs had lysine/ histidine ratios of 1.0 after acid hydrolysis (Table 1) , enzymatic hydrolysis resulted in the appearance of only negligible amounts of lysine for T-I-XX and lysine/histidine ratios of 0.5 in the case of T-I-X. These analyses also confirmed the number of glutamine (as opposed to glutamic acid) residues, as well as the absence of tryptophan and asparagine. T-I-X had an extra mole of glutamine compared with T-I-XX, in accord with the view that one of its acceptor sites was not involved in the cross-link.
Discussion. In our earlier report7 we depicted a schematic model of fibrin that was consistent with the existing cross-linking data. Its main feature was an array in which the molecular orientation allowed antiparallel mutual neighbor contact between two-thirds of the y-chains, as well as contact between the remaining y-chains with a-chains. The data presented in this report now show that the y-,y cross-linking is accomplished by the formation of eamino(Yglutamyl)lysine crossbridges between overlapping carboxy-terminal segments (Fig. 3) . The isolation of this entire donor-acceptor unit from tryptic digests of cross-linked bovine y-'y systems has been accomplished, but because the crosslinks themselves hinder ordinary sequencing methods, the complete amino acid sequence depends in part on sequence data gathered from the "4C-GEE-labeled acceptor peptides.
Of particular interest was the tryptic peptide pair *T-I which had one acceptor site filled with a 14C-GEE substitute donor group and the other acceptor site involved in a natural cross-link. This interpretation was readily proven by showing that the "4C-GEE-treated sulfitolyzed fibrin still had some cross-linked 7y--y systems when examined on G-200 in 6 M urea in the manner which we originally had used for demonstrating cross-linked chains in fibrin.7 When the cross-linked 14C-GEE y-chains were separated from the noncross-linked 14C_ GEE y-chains by this method, subsequent tryptic digestion and G-25 treatment showed that the *T-I was associated with the cross-linked fraction and the *T-II with the noncross-linked chains. In retrospect, the peptide pair *T-I might have been predicted since Pisano et al.15 had found that GEE-inhibited fibrin, even at glycine ethyl ester concentrations higher than we used, still resulted in significant amounts of e-amino(y-glutamyl)lysine formation in bovine fibrin.
We have also isolated the corresponding 14C-GEE acceptor peptides from "4C-GEE-labeled human -y-chains.I2 There are two amino acid replacements in the human segment, including a threonine in place of alanine at the penultimate amino-terminal residue, and a second histidine replacing one of the glutamines. There is also an additional glycine residue. The thermolysin peptides isolated from the human acceptor peptides make it clear that the cross-linking arrangement involves antiparallel overlap of carboxy-terminal regions of y-chains in an identical fashion to that of bovine.
The location and structure of the 'y-'y cross-linking unit forces a reevaluation of several common notions about the structure of noncross-linked fibrin and fibrinogen itself. If, as has been suggested on numerous occasions,", 17 the removal of the fibrinopeptides from the amino-terminal ends of the a-and t6-chains results in the exposure of the donor and/or acceptor sites (which are now found to be virtually at the same location),-then the carboxy-terminal of the y-chain must be spatially close to amino-terminals of all three constituent polypeptide chains, since it has been shown that the a-, f-, and 7-chains are all bound together by a cluster of disulfide bonds near their amito-terminals. 18 It is difficult to envision how the carboxy-and amino-terminalA of the y-chains can be near each other in the 'classical "three ball" model of fibrinogen which resulted from the electron microscope pictures of Hall and Slayter,19 although it is perhaps less difficult to imagine this situation in a suitable modification of the "hollow ball" dodecahedron model of K6ppel.20 
